Vacuolar H + -translocating pyrophosphatase (H + -PPase; EC 3.6.1.1) catalyzes both the hydrolysis of PP i and the electrogenic translocation of proton from the cytosol to the lumen of the vacuole. Vacuolar H + -PPase, purified from etiolated hypocotyls of mung bean (Vigna radiata L.), is a homodimer with a molecular mass of 145 kDa. To investigate the relationship between structure and function of this H + -translocating enzyme, thermoinactivation analysis was employed. Thermoinactivation studies suggested that vacuolar H + -PPase consists of two distinct states upon heat treatment and exhibited different transition temperatures in the presence and absence of ligands (substrate and inhibitors). Substrate protection of H + -PPase stabilizes enzyme structure by increasing activation energy from 54.9 to 70.2 kJ/mol. We believe that the conformation of this enzyme was altered in the presence of substrate to protect against the thermoinactivation. In contrast, the modification of H + -PPase by inhibitor (fluorescein 5V -isothiocyanate; FITC) augmented the inactivation by heat treatment. The native, substrate-bound, and FITC-labeled vacuolar H + -PPases possess probably distinct conformation and show different modes of susceptibility to thermoinactivation. Our results also indicate that the structure of one subunit of this homodimer exerts long distance effect on the other, suggesting a specific subunit -subunit interaction in vacuolar H + -PPase. Aworking model was proposed to interpret the relationship of the structure and function of vacuolar H + -PPase. D
Introduction
A characteristic feature of plant vacuoles is the existence of two parallel proton-pumping systems, a vacuolar H + -ATPase (EC 3.6.1.3) and a vacuolar H + -pyrophosphatase (H + -PPase; EC 3.6.1.1). Vacuolar H + -ATPase is an enzyme common to all eukaryotes, while vacuolar H + -PPase is found primarily in higher plants, some alga, protozoa, bacteria, and archaebacteria [1, 2] . Both proton pumps catalyze electrogenic H + -translocation to generate inside-acidic and inside-positive electrochemical potential for secondary transport of many metabolites [1 -3] . Vacuolar H + -ATPase has been subjected to extensive studies, while vacuolar H + -PPase is currently recognized as a distinct type of ion translocator [1] [2] [3] . Vacuolar H + -PPase has been successfully purified from various sources and was shown as a homodimer consisting of a single polypeptide with a calculated molecular mass of 71 -80 kDa [2, [4] [5] [6] [7] . Recently, several essential amino acid residues involved in the enzymatic reaction of vacuolar H + -PPase were determined [7] [8] [9] [10] [11] [12] [13] . For instance, a putative substrate binding motif of DX 7 KXE on loop e and acidic DX 3 DX 3 D motifs on both loops e and m of cytosolic side have been proposed, respectively [14, 15] . Furthermore, the PP i hydrolytic activity of vacuolar H + -PPase was markedly decreased in a concentration-dependent manner by fluorescein 5V -isothiocyanate (FITC), indicating the involvement of a lysine residue in enzymatic reactions [12] . Notwithstanding, other essential regions and residues in vacuolar H + -PPase for the enzymatic function, proton translocation, and ligand binding still require further elucidation.
Interaction between dimeric subunits of vacuolar H + -PPase has also been studied previously [11, 16, 17] . Radiation inactivation analysis demonstrated that dimeric structure of vacuolar H + -PPase on tonoplastic membrane is required for both enzymatic activity and PP i -supported proton translocation [16] . Further target size measurement revealed that only one subunit of the purified dimeric complex would sufficiently display enzymatic reaction of vacuolar H + -PPase [16] . Moreover, high hydrostatic pressure was employed to inhibit vacuolar H + -PPase through subunit dissociation of the enzyme from an active into inactive form [17] . The physiological substrate and its analogues enhance the high-pressure inhibition of vacuolar H + -PPase. These lines of evidence indicate explicitly the importance of protein -protein interaction for this novel proton translocating enzyme and suggest a notion that association of identical subunits of vacuolar H + -PPase is not random but proceeds by a specific manner [17] . In spite of these reports, the relationship between structure and function of this homodimeric protein complex still requires further extensive studies.
Thermoinactivation analysis is a powerful tool to examine protein structure, subunit interaction, and structural stability of many enzymes [18 -20] . It has been also used to study effects of different ligands on structure and function of macromolecules [19,21 -23] . In this report, thermoinactivation technique was employed to investigate the heat susceptibility of vacuolar H + -PPase in the presence and absence of ligands (substrate and inhibitors). A working model is thus proposed to interpret the subunit-subunit interaction of vacuolar H + -PPase as determined by thermal response of the enzyme.
Materials and methods

Plant materials
Hypocotyl tissues of 4-day-old etiolated mung bean (Vigna radiata L.) seedlings were harvested, excised, chilled on ice, and then used as starting plant materials.
Preparation of tonoplast and vacuolar H + -PPase
Tonoplast vesicles of high purity were prepared as previously described [6, 12] . Vacuolar H + -PPase was purified from tonoplast membrane by methods modified from those of Maeshima and Yoshida [6] and Britten et al. [4] .
Enzyme assay and protein determination
PPase activities were determined by measuring the release of P i from PP i . Aliquots of purified vacuolar H + -PPase (2-5 Ag) were assayed in a 1.0-ml reaction medium containing 25 mM Mops/KOH (pH 7.2), 1 mM MgSO 4 , 1 mM K 4 PP i , 50 mM KCl, 80 Ag/ml phosphatidylcholine (soybean, type IV-S), 0.01% (w/v) Triton X-100 at 33 jC for 15 min. After incubation, the reaction was terminated by adding a solution containing 1.7% (w/v) ammonium molybdate, 2% (w/v) SDS, and 0.02% (w/v) 1-amino-2-naphthol-4-sulfonic acid. The released P i was determined spectrophotometrically as described elsewhere [12, 24, 25] .
Protein concentration was measured by a modified Lowry method [26] or the dye-binding method of Bradford [27] with BSA as a standard.
Thermal inactivation
Vacuolar H + -PPase (5 Ag) was incubated at various temperatures for 10 min in a medium of 50 mM Tris/HCl (pH 7.2), 50 mM KCl, and 1 mM DTT. Thermal treatments of the enzyme were then terminated by removal of aliquots into an appropriate assay solution at 33 jC. Enzymatic activities and fluorescence were measured as indicated above and in following sections.
Parameters of thermal inactivation were obtained from the relationship as follows:
where h is the Planck constant (6.626 Â 10 À 34 JÁs), R is the gas constant (8.31 J/molÁK), k b is the Boltzmann constant (1.38 Â 10 À 23 J/K), A is the frequency factor, E a is the activation energy, T is the temperature at which reactions measured, and k in is the apparent rate constant of the thermal inactivation, determined from the first order rate kinetics. An Arrhenius plot of the rate of inactivation was used to yield the activation energy (E a ) and the constant A.
FITC labeling
Purified vacuolar H + -PPase was incubated with 0.5 mM FITC in a medium containing 50 mM Mops/KOH (pH 7.5), and 20% (v/v) glycerol at 33 jC for 10 min. After labeling, the reaction was stopped and free FITC removed by passing through Sephadex G-25 column pre-equilibrated with the same buffer. The FITC-labeled vacuolar H + -PPase was used immediately or stored at À 70 jC for further studies.
Spectroscopic measurements
Spectra of proteins were examined in a medium of 50 mM Tris/HCl (pH 7.2), 50 mM KCl, and 1 mM DTT. Intrinsic fluorescence measurement of vacuolar H + -PPase was carried out with excitation wavelengths at 275 nm and emission wavelength at 304, respectively, using an SLM 4800 fluorescence spectrometer. Secondary structure of vacuolar H + -PPase (2.5 AM) was determined by circular dichroism (CD) at various temperatures on a Lakewoods N.J. Model 62A DS spectrometer [17] . CD spectra shown were averages of three scans for each sample.
Differential scanning calorimetry (DSC)
DSC was performed with a Seiko Microcalorimeter (Seiko Instruments Inc., Japan). Samples (6 mg/ml) were incubated at about 4 jC in a buffer containing 50 mM Tris/HCl (pH 7.2), 50 mM KCl, and 1 mM DTT after loading the cells. The same volume of buffer was used in the reference cell, and the cooling box was purged with liquid nitrogen. Data were collected from 4 to 100 jC at a scan rate of 1 jC/min.
Chemicals
FITC was purchased from Sigma (St. Louis, MO, USA) and PP i from Merck (Damstadt, Germany). All other chemicals were of the highest analytic grade and used without further purification.
Results
Temperature dependence of PP i hydrolysis
Before thermal treatment of vacuolar H + -PPase, the purity and molecular size of native protein were determined. According to our routine purification procedure, a highly purified preparation was obtained, of which only one band (73 kDa) was visualized on SDS-PAGE pattern (Fig. 1 ). The impurity contamination was almost negligible in the preparation. The purified vacuolar H + -PPase was then subjected to size exclusion gel filtration chromatography and yielded a single peak (data not shown; cf. Refs. [12, 16] ). The molecular mass is approximately 145 kDa for the native enzyme, confirming the purified vacuolar H + -PPase from tonoplast of mung bean is a homodimer [16] . We are thus convinced that our routinely purified enzyme was suitable for this study. Furthermore, we used FITC as lysine-specific modifier to probe the structure of the active domain of vacuolar H + -PPase. FITC could inhibit vacuolar H + -PPase progressively with an I 50 value, the concentration at which half of control enzymatic activity was obtained, occurring at 0.5 mM [12] . Under this condition, only one subunit of the homodimeric vacuolar H + -PPase was labeled [12] . To observe thermal effects on vacuolar H + -PPase, three types of the enzyme, such as control, substrate (Mg 2 + PP i )-bound, and FITC-labeled H + -PPases, were pretreated for 10 min at temperatures of a wide range from 10 to 90 jC and then activities accordingly measured at 33 jC (Fig. 2) . As the pretreatment temperature increased, the PP i hydrolysis activities of the three types of vacuolar H + -PPase were significantly declined in progressive manners. PPase activities of each type were temperature-dependent and respectively exhibited two phases at different transition temperatures (T m ). It is obvious that the vacuolar H and increases its phase transition temperature. In contrast, half-inhibited vacuolar H + -PPase (with only one subunit of homodimer modified by FITC) is more fragile to thermal treatment and possesses lower transition temperature.
Temperature effects on spectral properties of H + -PPase
In parallel experiments, intrinsic fluorescence at 304 nm was measured using control, Mg 2 + PP i -bound, and FITClabeled PPases (Fig. 3) . Each type of enzyme preparations also displays two phases of structure as suggested from the plots of intrinsic fluorescence versus temperature. The order of transition temperature was also Mg 2 + PP i -bound> control>FITC-labeled PPases, coincident with that determined from decline of respective specific activities (cf. Fig.  2 ). These data confirm the above speculation that the vacuolar H + -PPase might undergo a change in conformational state at the transition temperature, resulting in a decrease in enzymatic activity. It is likely that distinct conformational states alter the behavior of intrinsic fluorescence of amino acid residues observed. The different transition temperature implies clearly that Mg 2 + PP i -incorporated and FITC-labeled PPases possessed distinct modes of susceptibility and exhibited different structure from control H + -PPase. Secondary structure of vacuolar H + -PPase was further investigated using CD spectroscope at different temperatures (Fig. 4) . The CD spectra of vacuolar H + -PPase were scanned from wavelength 190 to 260 nm at temperatures from 25 to 80 jC and the relative a-helix contents were calculated from ellipticity at 210 and 224 nm [28, 29] .
Since the presence of Mg 2 + and FITC moiety could interfere the measurement of CD spectra, only that of control vacuolar H + -PPase was determined. The CD spectra and ahelix content of purified vacuolar H + -PPase do not show any significant change at temperatures from 25 to 50 jC (Fig. 4, -. -), while a great variation above 50 jC was observed (cf., Fig. 4, -D-, -z-, and -o-) . An a-helix content of 58.7% was obtained accordingly for vacuolar H + -PPase at temperatures from 25 to 50 jC. As temperature increased, the CD spectra significantly became less intense and characteristic troughs at 210 and 224 nm gradually disappeared. The a-helix contents of 51.2%, 45.6%, and 34.1% were calculated for vacuolar H + -PPase at temperatures of 60, 70 and 80 jC, respectively. These results unambiguously indicate that a significant state transition of vacuolar H + -PPase and consequently a conformational change of the enzyme occur at T m , yielding a decline in a-helix content.
Kinetic analysis of thermal inactivation
High temperature induced rapid inactivation of control, Mg 2 + PP i -bound, and FITC-labeled PPases in a time-dependent manner (Fig. 5) . The rate constants (k in ) of inactivation at the elevated temperature were obtained from the plots of ln(activity) versus time of heat incubation and summarized in Table 1 . Compared to control H + -PPase, + -PPase (2.5 AM) was determined by CD at various temperatures. Spectra from bottom to top are at 50, 60, 70, and 80 jC, respectively. Each data point of the spectra was the average of three scans. The CD spectra and a-helix content do not show any significant change at temperatures from 25 to 50 jC, while a great variation above 50 jC was observed. (.) 50 jC; (4) 60 jC; (z), 70 jC; (o), 80 jC. The a-helix contents were accordingly calculated [28, 29] as 58.7%, 51.2%, 45.6%, and 34.1%, respectively. substrate-bound enzyme showed a decrease in the rate constant (k in ) of thermal inactivation. In other words, the presence of physiological substrate promotes thermostability of vacuolar H + -PPase. In contrast, FITC-labeling decreases the thermo-tolerance of vacuolar H + -PPase as determined by the increase in the k in values. Furthermore, Arrhenius plots of thermal inactivation were used to measure the activation energy (E a ) of vacuolar H + -PPase (Fig. 5, inserts) The values of k in were obtained from the time course of heat inactivation (Fig. 5) ; DG p was calculated from the relationship DG p = À RT ln(k in h/ k b T), where h is the Planck constant, R and k b are the gas constant and Boltzmann constant, respectively. Values of E a and T M were calculated from Arrhenius plots (Fig. 5, inserts) and Fig. 6 , respectively. The calculated energy of activation, DH p and DS p were obtained from the equation: 
DSC of the vacuolar H + -PPase
Highly sensitive DSC has been employed as a useful tool in the study of the structure and phase behavior of biological membranes and macromolecules [18, 19, 30] . To further verify the role of the substrate and the modifier in the structural stability of enzyme, control, Mg 2 + PP i -bound, and FITC-labeled H + -PPases were subjected to DSC (Fig. 6 ). Obvious differences in the melting temperature (T M ) for these three types of the enzyme on DSC were observed. The T M values were 331.1, 334.2, and 326.1 K for control, Mg (Fig. 6d) .
Discussion
The enzymatic activity of purified vacuolar H The protection of substrates against thermoinactivation was also frequently observed for many enzymes [31] . In contrast, it is well known that vacuolar H + -ATPase, another type of proton pumping enzyme on the same vacuolar membrane, is a cold-labile protein complex [32] . Figs. 2  and 3 ). This difference might be due to the fact that one of the catalytic sites of homodimeric H + -PPase was occupied by FITC moiety, resulting in the change of subunit -subunit interaction of the enzyme complex. The energy barrier for changing from one state to another is smoothed. In our previous study, we demonstrated FITC could inhibit this vacuolar H + -PPase progressively with an I 50 value occurring at 0.5 mM [12] . The stoichiometry of labeling at this concentration was 1.0 mol FITC/mol PPase; that is, only one subunit of the homodimeric vacuolar H + -PPase was modified [12] . Alternatively, the possibility that both subunits of half of enzyme population were labeled by FITC is excluded, since the modification decreases the K m of H + -PPase but leaves its V max unchanged [12] . We thus speculate that modification by FITC changes the subunit -subunit interaction of vacuolar H + -PPase complex, consequently smoothing the energy barrier between two states.
Taken together, a working model is proposed for the phenomenon observed above (Fig. 7) . The vacuolar H + -PPase functions as a homodimer (S 1 state) during PP i hydrolysis as determined by gel filtration and radiation inactivation [16, 17] . High temperature might induce a conformational change (S 2 state) of the vacuolar H + -PPase, making PP i more accessible to the active site (E a = 54.9 kJ/ mol; pathway A). On the other hand, the intercalation of substrate (Mg 2 + PP i ) in the active site of vacuolar H + -PPase consequently strengthens the structure of the enzyme, thereby resulting in high resistance to heat (pathway B). Comparing the activation parameters, we suggested that the physiological substrate (Mg 2 + PP i ) could stabilize the structure and activity of heat inactivation as determined by higher energy barrier (E a = 70.2 kJ/mol). Furthermore, FITC, labeling an essential lysine in the active domain of vacuolar H + -PPase, modifies the subunit-subunit interaction of the enzyme, bringing the enzyme to a state more vulnerable to heat treatment (E a = 39.6 kJ/mol; pathway C). Conceivably, the subunit-subunit interaction in homodimeric H + -PPase plays an important role in maintaining the functional structure of this novel vacuolar proton-pumping enzyme.
